Direct imaging and quantification of actuation in nanostructures that undergo structural phase transitions could advance our understanding of collective phenomena in the solid state. Here, we demonstrate visualization of structural phase transition induced actuation in a model correlated insulator vanadium dioxide by in-situ Fresnel contrast imaging of electron transparent cantilevers. We quantify abrupt, reversible cantilever motion occurring due to the stress relaxation across the structural transition from monoclinic to tetragonal phase with increasing temperature. Deflections measured in such nanoscale cantilevers can be directly correlated with macroscopic stress measurements by wafer curvature studies as well as temperature dependent electrical conduction allowing one to interrogate lattice dynamics across length scales.
Introduction
Cantilevers with high sensitivity, high response speed and low noise are of growing interest in areas of nanoscale measurements and sensor devices. Electrical and optical methods are often utilized to investigate cantilever actuation with high precision. While the size reduction in the cantilever dimension is attractive for energy efficient nanoscale devices, progress in measuring actuation in smaller cantilevers is challenging as the resolution of optical methods are constrained by diffraction effects 1 and focusing. 2 Electrical methods based on piezoresistance of semiconducting materials could have restrictions due to reduced carrier density in low dimensional materials. 3 Developments in transmission electron microscopy (TEM) has enabled direct imaging of mechanical motion in nano and microscale structures 4, 5 , structural phase transitions 6 , and interfacial phenomena with atomic scale resolution. [7] [8] [9] In this study, we present direct observation of actuation [10] [11] [12] in VO 2 during the thermally-driven phase transition by
Fresnel contrast imaging in a transmission electron microscope utilizing electron transparent cantilever structures. VO 2 is a model correlated electron system that shows a sharp insulatormetal transition accompanying a structural transition. The material is of exceptional interest in condensed matter materials sciences towards understanding elementary mechanisms of the phase transition and exploring new devices enabled by reversible band gap closure that is a rare property. The structural phase transition in VO 2 involves monoclinic (P2 1 /c) to tetragonal (P4 2 /mnm) symmetry change at 68 o C during heating. 13, 14 The presence of V-V cation pairs along a m = 2c r axis with alternate spacing of 0.265 nm and 0.312 nm is identified as a striking feature of monoclinic phase against the regular 0.287 nm spacing in the tetragonal phase. 15 The structural transition accompanying the electronic transition creates yet another opportunity to combine new functionality like in actuators, chemically driven transitions and environmentally aware materials in a broader setting. Recently, transformation stress in VO 2 is being explored for developing electromechanical actuators 10, 11 , cantilevers 16 and strain sensors. 17 In situ wafer curvature measurements have revealed large reversible transformation stress in crystalline VO 2 thin films across the phase transition over numerous thermal cycles. 12 
Results and Discussion

Cantilever Fabrication and Imaging
Fresnel contrast imaging has been shown to be an elegant technique to study interfaces and grain boundaries by through focal series of images, see for example the classic works of Clarke 18 , Ross and Stobbs 19 and Stobbs et al. 20 Here, we apply Fresnel contrast technique for visualizing and measuring actuation by imaging electron transparent VO 2 cantilever edges in-situ spanning the phase transition boundary. A typical electron optics ray diagram is shown in Fig. 1a along with the experimental protocol to rigorously measure the cantilever deflection. The maximum cantilever tip deflection can be directly observed at the cantilever edge by tracing the defocus or and abrupt tensile stress development 12 arise as a result of concurrent insulator to metal 21 and structural transitions. 22, 23 The actual changes in the resistance and stress against temperature can be directly correlated to the fractions of insulating and metallic VO 2 phases from effective medium theory. 24 In order to probe the structural counterpart of the phase transition, TEM investigations were carried out from the same specimen. TEM bright field image recorded from the electron transparent polycrystalline VO 2 /Si cantilever region is shown in Fig.2b . The average VO 2 grain size is on the order of ~100 nm and the typical ring pattern of monoclinic VO 2 is shown as inset. In situ bright field imaging across the transition shows abrupt changes in the contrast as the diffraction conditions are changing across the transition for constant tilting angle and specimen drift. While the bright field contrast is varying abruptly across the transition, there are no detectable changes such as appearance of internal boundaries. Typically, formation of new boundaries may be seen during reconstructive type phase transitions during heating. 25 In order to capture the structural phase transition unambiguously, selected area electron diffraction pattern was recorded from single grains using the smallest aperture and shown in Fig.3 . In addition, step-like contrast variation is observed within the grain across the transition with appearance of thickness fringes at edges (Fig.3 ).
For the purpose of quantification of actuation and stress analysis, we use the cantilever edge for imaging at various temperatures using in-situ TEM Fresnel contrast. We also investigated the phase transition kinetics that is often performed in studies pertaining to understanding Martensitic-type transitions. Typically, the kinetics of martensitic transition is considered to be athermal in nature owing to the diffusionless process. Due to the large activation barrier, thermal fluctuations do not play a significant role in the athermal transition and are drive rate independent. Martensitic transitions in many systems show both athermal and isothermal components with respect to factors such as grain size, imperfections and heating rate, etc. For example, martensitic transition in ZrO 2 shows drive rate independent, athermal nature for coarse grained microstructure while the rate dependent, isothermal component of martensitic transition is observed for fine grained ZrO 2 below 100 nm. 26 The theory suggests that the nuceli cannot grow spontaneously to their full size when the crystallite size is less than the domian size of the new phase due to the strain energy arising due to the overlap of two phases. Hence the growth of second phase is inhibited by the grain boundaries in fine grained specimens. We note that the grain size of VO 2 thin film investigated here is ~ 100 nm and shows strong athermal characteristics. Any time dependence on the relative phase fractions was found to be negligible from the analysis and hence the changes are correlated with temperature change alone. Detailed wafer curvature in-situ stress measurements and resistance data probing the athermal kinetics of VO 2 thin films are shown in Fig.4 . The overlapping plots of normalized resistance with initial time (time independent resistance) at different temperatures confirm the athermal nature of phase transition (Fig.4a) . Similar time independent phase transition trend is observed in thin film stress measurements (Fig.4b) . The effect of heating rate on the phase transition induced stress changes has been studied by varying the heating rate from is correlated to the annihilation rate of defects as imperfections obstruct the movement of dislocations and affect the kinetics of martensitic transition. 26 Rate independent athermal kinetics is observed primarily when the number of obstacles is very small that may be the case for high quality VO 2 films with good transition properties.
Visualizing cantilever deflection through in-situ Fresnel contrast imaging
The structural phase transition induces a large reversible tensile stress in VO 2 thin film of the order of several hundred MPa and the corresponding actuation in cantilever geometry can be directly observed by Fresnel contrast imaging. The contribution from the overall specimen deflection has to be separated from just the cantilever deflection. In order to quantify the actual cantilever deflection, imaging and measurements were undertaken from the VO 2 /Si cantilever base tracing the defocus variation and then the difference with respect to cantilever tip is plotted against temperature. The deflection of VO 2 cantilever during heating is shown in Fig.8c . Clearly, there are at least two different trends seen in the cantilever deflection at different stages. First, the cantilever tip shows maximum tip displacement (upward deflection) of 550 nm across the phase transition during heating. This is shown schematically as inset with upward cantilever deflection across the insulator-metal transition with different colors indicating the concurrent changes in resistance as shown in Fig.8c . The observed deflection of VO 2 cantilever is consistent with the trend seen in micro-scale VO 2 cantilevers of several hundred micron length measured by other methods.
16,27-29
In-situ Fresnel contrast imaging experiments were carried out on VO 2 films grown on aluminum (as another test specimen) also showed dark fringe development and deflection during heating across the insulator-metal transition. Second, the cantilever shows downward deflection trend both below and above the phase transition as evident from the bright fringe development in (Fig.8d) shows an abrupt transformation stress of ~ 250 MPa (tensile) across phase transition on heating. This tensile stress development across the monoclinictetragonal phase transition is consistent with the in situ wafer curvature measurements carried out on the same VO 2 thin film that was deposited on a 4 inch wafer (Fig.2a) . The higher values of slope observed for metallic phase (-3.08) compared to the insulting phase (-1.67) of stress-temperature plot (Fig.8d ) may be suggestive of higher compressive stress development in metallic phase due to the larger thermal expansion mismatch with substrate.
Conclusions
In-situ Fresnel contrast imaging can be utilized to visualize and quantify actuation induced by structural transitions. Abrupt, reversible cantilever tip deflection was found to be consistent with the estimated tensile stress relaxation across the monoclinic-tetragonal structural transition in VO 2 . No time or drive rate dependence is observed in the stress relaxation indicating the athermal nature of phase transition kinetics. The study presented here can be widely applied to
in-situ studies on solid-state phase transitions and could be of relevance to advancing the understanding of nano-electromechanical switches, environmentally responsive materials and actuation for robotic systems utilizing structural transitions driven by external stimuli.
Experimental Section
Thin film growth and cantilever fabrication Thin films of VO 2 were grown on n-type Si (100) single crystal substrates by RF sputtering at Resistance was obtained from current-voltage (I-V) measurements using Keithley 236 Source
Measure Unit in a temperature controlled probe station. To fabricate electron transparent VO 2 /Si cantilevers, a two step method involving plan view sample preparation and FIB assisted milling is employed. First the TEM plan view sample is prepared by mechanical thinning down to 30 micron with diamond lapping films followed by Ar ion milling from substrate side until perforation. Finally, from the electron transparent region, VO 2 cantilevers are fabricated using FIB operated at 30kv and 80 pA current for milling. In situ TEM imaging and diffraction studies were carried out using JEM-2100 LaB6 Transmission Electron Microscope operated at 200 KV.
Cantilever deflection measurement and Stress estimation
The cantilever deflection is measured by careful observation of defocus values against temperature. In order to minimize errors caused by microscope instability in the cantilever deflection measurement, we optimized the conditions such as heating rate during the in-situ TEM studies. While the higher heating rate increases the temperature instability issues, lower heating rate increases the total time of the experiment making the precise cantilever deflection With the knowledge of the mechanical properties and the physical thicknesses of cantilever components (VO 2 and Si), the stress change across the phase transition is estimated using the following modified Stoney's equation. 
